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ABSTRACT 
 
This paper presents a scope and results comparison of three SHM methods 
applied for the damage detection in the composite material wind turbine blade parts. 
All three methods are based on the model identification of the undamaged 
structure and afterwards, models from a measurement of damaged structure are 
confronted with the model of the intact structure. The presence of test data 
variability is accounted to prevent “false alarm” due to the non-identical nature of 
three nominally equal composite material specimens under investigation (samples 
A, B and C). For each of these specimens identical damage scenario was introduced 
but to a different level (severe, intermediate and low). 
The first method is statistical model-based damage detection using subspace-
based algorithms. It is using output-only time data series from the vibration 
acceleration measurement. The reference parameter is the modal signature of a 
state-space model of the studied system, and the tests aim at detecting small 
deviations in this signature without explicitly computing it. Damage is monitored 
by reducing time data to covariance data and performing a subspace-based chi-
square test. Parameter variation in the signal from nominal and damaged structure 
allows assessing healthy/not healthy status. 
The second method is based on PZT transducers and A0 mode of the Lamb 
waves propagating in a multilayer composite plate. A piezoelectric actuator 
generates the Lamb wave. Propagating elastic wave is reflected from both the 
eventual damage and the boundaries of the plate. A piezoelectric sensor network 
acquires the response signal. The proposed damage detection algorithm makes use 
of the assumption that the excitation signal and signals reflected from damage have 
matching features. If this is true the idea is to search all signals registered for 
signals reflected from damage and subsequently to compare the features of these 
signals with the features of the excitation signal. The excitation signal has a finite 
length and thus can be thought of as surrounded by a virtual time window. This 
time window can be arbitrarily placed on each of the registered signals resulting in 
a certain time shift, which is equivalent to a distance required for the propagating 
signal to travel from the excitation point to a point P of coordinates x and y 
(possible damage location) and then back to an appropriate sensors. 
In the third method a progressive damage is monitored using polyreference 
LSCF (also called polymax) to estimate the modal parameters and follow their 
deviations. For the initial measurement of the intact structure a specimen (each 
individually) was supported in free-free boundary conditions by means of the 
elastic cords attached to a plate. An electrodynamic shaker was applied as a source 
for the excitation. Different excitation signals were applied (pure random, burst 
random). The response signals of the structure were measured by a set of 
piezoceramic accelerometers. Time series and FRF functions were acquired. Three 
nominally identical specimens were tested to obtain an experimental data collection 
which can be processed to obtain statistical measures.  
The statistical assessment of the initial parameters from three intact specimens 
is presented. The results from detection of the three levels of the same damage 
using three different approaches are compared and discussed. 
 
 
1. INTRODUCTION 
 
The paper presents the results of the damage detection investigation in the 
multilayer E-glass wind turbine blade composite material with three SHM methods. 
The objects of the investigation were three nominally identical plates A, B and C. 
The nominal dimension were 20×320×320 mm (see Figure 2). Due to non 
repeatable manufacturing process dimension variability reaches ±0.7%. Damage 
was introduced into plates by means of four-point bending quasi-static test. Plate A 
was loaded with the force of 230 kN, plate B 210 kN and place C 220 kN. The 
scope and results of each method is presented in following sections. 
 
 
2. SUBSPACE-BASED IDENTIFICATION AND DAMAGE DETECTION 
2.1 Subspace-based Covariance Driven Identification Algorithm 
 
We consider a linear multi-variable output-only system described by a discrete-
time state space model: 
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where state X and observed output Y, at each time sample k, have dimensions m 
and r respectively. The state noise V is assumed to be stationary, unmeasured 
Gaussian white noise with zero mean. For system identification we construct the 
Hankel matrix 
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containing the covariances )(E T ikki YYR −= , use the well-known factorization 
property of Hp+1,q into observability and controllability matrix and recover H and F 
from the observability matrix. The eigenstructure (λ, Φλ) of the system (1) and a 
corresponding modal parameter θ are retrieved from 
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where Λ is the vector whose elements are the λ’s and Φ is the matrix whose 
columns are the Φλ’s. The natural frequencies and damping values of the system (1) 
are computed from the λ’s, see also [1]. 
The outputs Yk for each of the plates were measured at 49 points during four 
passes: at 14 points in the first three passes and at 7 in the 4th pass. The excitation 
is assumed to be different for each of the four passes due to slight changes in the 
environmental conditions, but stationary during each pass. Hence the state noise V 
in (1) has a different variance for all the four passes and the measurements are 
normalised with respect to a change in the excitation. A merged matrix Hp+1,q 
containing measurement information from all the four passes is obtained according 
to the merging procedure described in [1].  
2.2 Damage Detection 
 
For our subspace-based damage detection method a statistical comparison is 
made by defining a decision variable evaluating the system state [2]. This decision 
variable is an asymptotically centered Gaussian variable when the system is near 
the reference/healthy state (θ = θ0) and non-centered in case of a change in modal 
parameters (θ ≠ θ0), which can be determined with an appropriate χ2 test. We 
compute our decision variable ζn as the residual: 
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where n is the sample length, S is the left kernel of the Hankel matrix at the 
reference state and qp ,1Hˆ +  is the Hankel matrix at the actual state. With the residual 
covariance Σ at the reference state, the global χ2 test statistics built on the residual 
boils down to [2, 3] 
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 As there are three references in our example (plates A, B and C in intact state, 
resp. Hankel matrices )C( 1
)B(
1
)A(
1 Hˆ,Hˆ,Hˆ ,qp,qp,qp +++ ), we create a residual ζn robust to all the 
plates by computing the left kernel S on the juxtaposed matrix ( ))C( 1)B( 1)A( 1 HˆHˆHˆ ,qp,qp,qp +++ , inspired by the temperature change rejection approach in 
[3]. The damage detection is then done by computing the appropriate χ2 test (5) and 
comparing it to a threshold. 
2.3 Numerical Results 
 
With the subspace-based identification algorithm of Section 2.1 we computed 
the natural frequencies (f) and damping coefficients (d) of the three plates in intact 
and damaged state. Nine modes were recovered (see Table I). 
For the damage detection test of Section 2.2 we cut the signals in 12 parts and 
computed the left kernel S for the decision variable ζn on three Hankel matrices – 
one for each plate – containing healthy data of the first part only. To test the 
robustness the χ2 values (5) were calculated on all the parts of the signals from the 
intact and damaged state separately and finally averaged over all 12 parts to get a 
meaningful average, see Figure 1. 
 
TABLE I. NATURAL FREQUENCIES AND DAMPING COEFFICIENTS. 
Mode A intact A damaged B intact B damaged C intact C damaged 
 f (Hz) d (%) f (Hz) d (%) f (Hz) d (%) f (Hz) d (%) f (Hz) d (%) f (Hz) d (%) 
1 350 2.2 257 1.1 357 2.1 358 1.0 359 1.7 359 2.4 
2 559 2.5 387 1.1 564 1.5 538 1.0 554 3.5 545 3.7 
3 818 3.3 528 2.1 788 2.6 784 0.6 784 3.3 835 3.0 
4 917 1.8 654 1.5 919 1.9 957 1.4 929 2.7 928 2.4 
5 1081 1.1 729 1.1 1102 3.3 1123 0.9 1097 1.9 1106 1.6 
6 1246 5.7 - - 1292 5.8 1295 3.8 1270 5.0 1242 2.5 
7 1472 1.5 874 1.3 1536 2.4 1515 1.9 1506 2.4 1554 2.5 
8 1849 1.3 1108 1.3 1846 2.5 1844 1.1 1850 2.1 1835 1.3 
9 1934 2.5 1273 1.4 1962 3.6 1927 1.7 1946 1.7 1891 1.9 
 
 
Figure 1. χ2 damage detection test on intact and damaged plates. 
 
 
3. ELASTIC WAVE PROPAGATION METHOD 
 
This damage detection method is based on elastic wave propagation method that 
is recently widely used for damage detection and localisation problems. Mentioned 
method utilises fact that discontinuities existing in structures cause local changes in 
material properties that disturb elastic wave propagation. In comparison to other 
well known non–destructive testing methods presented method is very sensitive to 
discontinuities because of the use of high frequency signals. Described non–
destructive method can be used both for isotropic as well composite structures.  
Measurement set–up (see Figure 2) consists of electronic equipment for signals 
generation and acquisition, piezoelectric transducers as active elements for elastic 
wave generation and portable PC for signals storage and processing. Distributed 
piezoelectric transducers network have been placed on composite sample from wind 
turbine blade (see Figure 2). Piezoelectric network consists of twelve Noliac 
CMAP06 transducers attached to the composite part using cyanoacrylate glue. 
Excitation has been applied to each transducer from configuration while registration 
has been realised in the rest transducers. In result 144 signals have been obtained 
for intact plate and the same number of signals has been obtained from 
measurement for damaged specimen. 
 
      
Figure 2. Electronic system for elastic waves generation/acquisition (left) and composite 
part of wind turbine blade equipped with piezoelectric (right). 
 
Algorithm used for damage detection divides surface to be monitored into a 
mesh of points Pi=(xi , yi). Points separation was chosen to be constant and equal to 
 
c
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where cg – Lamb wave group velocity, N – number of sine cycles in excitation, 
fc – excitation central frequency, A – ratio to be chosen. Therefore s is strictly 
connected with excited wave. In order to project registered time signals to 
monitored surface signals differences were calculated ( )tB jk  – signals from intact 
sample ( )tBrjk  were subtracted from signals for potentially damaged sample ( )tBdjk  
 ( ) ( ) ( )tBtBtB rjkdjkjk −= , (7) 
 
where i, j denote generating and receiving transducer number, respectively. 
Next, distances between wave generating transducer to mesh point |Tj Pi| and 
from this point to wave receiving transducer |Pi Rk| were calculated and used to cut 
out a part of a signal registered in Rk with generation in Tj. The cut out part has  
a length of l=s/cg and is centred in 
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Let’s denote this part of the signal as Fn, this signal is discrete so the index takes 
values n=1,2,...,N, N depends on the length l. The signals are mapped into point Pi 
by summing signal power (squared signal) from all the Tj and Rk pairs: 
 
( ) ∑ ∑ ∑= = == Jj Kk Nn ni FPM 1 1 1 2 . (9) 
 
This procedure is repeated for all point Pi in considered mesh. Such signal 
processing approach causes that the M(Pi) lies on an ellipsis which loci are Tj and 
Rk [4, 5]. 
In the conducted experiment A=0.1 was chosen. It gave a good balance between 
computational speed and resolution of the mapping. Results for two considered 
frequencies (100 and 110 kHz) are depicted on Figure 3. Obtained results were 
normalised to the maximum value. Conducted mapping procedure indicated that the 
greatest differences between damaged an intact sample are in its lower half (see 
Figure 3). This suggests that damage could occur in this area. However it should be 
underlined that the difference could be also a result of transducer debonding cased 
by bending procedure. In order to ensure this is not the reason a transducer self–
testing procedure ought to be incorporated in the detection procedure. 
 
       
Figure 3. Results of damage detection using Lamb wave propagation for two central frequencies 100 
(left) and 110 kHz (right). 
 
 
4. POLYREFERENCE LSCF (PolyMAX) METHOD 
 
The Polyreference LSCF (PolyMAX) analysis method is based on Input/Output 
data in Frequency Domain (compare with Subspace method based on Output data in 
Time Domain).This method is used for estimation and comparison of the modal 
models identified for intact (reference) and damaged structure. In the LMS 
PolyMAX method [6] following so-called right matrix-fraction model is assumed to 
represent the measured FRF’s: 
 
 (10) 
 
where ixmCH ∈)]([ ω  is the matrix containing the FRF’s between all m inputs and 
all l outputs; ixmr R∈][β  the numerator matrix of polynomial are coefficients; the 
denominator matrix polynomial coefficients mxmr R∈][α . It should be noted that the 
so-called Z–domain model was used in Eq. 10. Once the denominator coefficients 
][ rα  and ][ rβ  are determined (Least-Squares solution of Eq. 10), the poles and 
modal participation factors are retrieved as the eigenvalues and eigenvectors of 
their companion matrix. 
Data analysed with subspace based method described in Section 2 and 
PolyMAX was acquired from the same experimental setup build with LMS 
acquisition hardware and software. Main difference is that subspace algorithm 
works on output-only time domain signals while PolyMAX uses the frequency 
domain input/output FRFs. Number of natural frequencies and mode shapes 
identified from those two data sets are identical for the intact plates. In frequency 
domain analysis corresponding natural frequencies are slightly shifted towards 
higher values due to the influence of the shaker (see Table I and II). This 
phenomenon is described in details in the [7]. Number of identical experiments 
followed by modal parameter estimation revealed existence of the scatter of 
identified frequencies values within consecutive tests of the same plate and in 
between plates A, B and C as well. Modal model parameters range caused by test 
data variability was statistically assessed on the dimensionless frequencies values 
and is presented on the Figure 4.  
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Figure 4. Test data variability leading to frequency values scatter. 
 
TABLE II. MODE SHAPE AND NATURAL FREQUENCIES. 
Intact sample Damaged sample 
 
First mode 378 Hz 
 
First mode 270 Hz 
Highest scatter observed for the sixth mode values is caused by relatively weak 
excitation of this mode. Damage was successfully detected in all three specimens. 
Example for plate A is presented in Table II. Next to the decrease of natural 
frequency values caused by stiffness degradation due to delamination, fiber cracks 
and fiber-matrix debonding in all three plates appeared new modes. In the plate A 
with the largest damage three new modes were identified, in plate B there are two 
damage related modes and in plate C one mode.  
 
 
5. CONCLUSIONS AND FURTHER RESEARCH 
 
The comparison of three different damage detection methods in presence of test 
data variability for the E-glass composite material part of wind turbine blade was 
presented. All three methods proved their adequacy in detecting different levels of 
the damage. However the unexpected observation of increased natural frequency of 
some modes require more in-depth investigation. Therefore the scope of further 
research will focus on the precise identification of damage level and location by 
means of ultrasonic methods and radiography. Modal data will be processed with 
the application of the modal filter which is reported in many scientific papers as an 
indicator in order to differentiate between damage and intact state. 
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